Background-Monitoring cancer risk among HIV-infected people in the modern antiretroviral therapy (ART) era is critical given their elevated risk for many cancers and prolonged survival with immunosuppression, ART exposure, and aging. Our study described cancer risk in HIVinfected people in the United States relative to the general population.
Introduction
HIV-infected people have an elevated risk for many cancers, largely due to HIV-related immunosuppression, which impairs control of oncogenic viral infections. [1] [2] [3] A high prevalence of these infections and other cancer risk factors (e.g., smoking and alcohol use) contributes to the elevated risk. [1] [2] [3] [4] Kaposi sarcoma (KS), some non-Hodgkin lymphoma (NHL) subtypes, and cervical cancer are caused by viruses (KS-associated herpesvirus, Epstein-Barr virus [EBV] , and human papillomavirus [HPV] , respectively) and are among conditions that can mark the onset of acquired immunodeficiency syndrome (AIDS). 3 HIVinfected people have elevated risk for these AIDS-defining cancers (ADCs) and other virusrelated non-ADCs (VRNADCs), but not for most virus-unrelated non-ADCs (VUNADCs). [1] [2] [3] After the introduction of effective antiretroviral therapy (ART) in 1996, risk for AIDS and death declined dramatically in HIV-infected people. 3 KS and NHL incidence has also declined in the ART era but remains highly elevated in HIV-infected people compared to the general population; trends for other cancers are less clear. 3, [5] [6] [7] [8] [9] [10] [11] [12] Recent and comprehensive population-based data on cancer risk for HIV-infected people are limited. 6, [8] [9] [10] 12 Risk for some cancer types may continue to decline as ART regimens improve, treatment is initiated at earlier stages of HIV disease, and access to ART widens. 13 However, treatment may not fully reverse the impact of early immune suppression, and immune dysfunction and chronic inflammation can persist among persons on ART. 2 HIV-infected people, including those who have not developed AIDS, may therefore still be at elevated risk of developing cancer. Further, many cancer types have latency periods of decades, and the modern ART era is only twenty years old; it is thus possible that elevated risk for some cancers will emerge over time. Finally, with prolonged survival the HIV population is aging, and the impact of HIV-related immunosuppression in an aging population is unclear. 10, 14 For these reasons, continued monitoring of cancer risk in this high-risk population is vital. In the present study, we describe the spectrum of cancer risk among HIV-infected people in the United States (US) during the modern ART era, using linked data from multiple populationbased HIV and cancer registries.
Methods

Study design, participants, and data sources
The HIV/AIDS Cancer Match (HACM) Study uses linked data collected by US HIV and cancer registries (https://hivmatch.cancer.gov/). 15 The study was approved by institutional review boards at participating HIV and cancer registries, as required, and received exemption from review at the National Institutes of Health. Because the study uses data collected for public health surveillance, consent of participants was not required.
The present analysis evaluated a cohort of HIV-infected people identified in HIV registries from Colorado (1996 Colorado ( -2007 For each registry, follow-up for each cohort member started three months after the latest of the beginning of systematic namebased state HIV registration, HIV report date (or AIDS diagnosis, if this was earlier), start of cancer registration, or January 1, 1996 , and ended at the earliest of death, end of cancer registry coverage, or December 31, 2012. The first three months of follow-up were excluded to remove prevalent cancers, i.e., cancer cases that prompted HIV testing and reporting.
Procedures
Cancer diagnoses were identified through linkage with the corresponding cancer registries (see Appendix Table 1 
Statistical analysis
We used standardized incidence ratios (SIRs) to measure cancer risk in HIV-infected people relative to the US general population. SIRs were calculated by dividing the observed number of cases in HIV-infected people by the expected number, estimated by applying general population cancer incidence rates to person-time in the HIV population based on sex, age, race/ethnicity, calendar year and registry. For KS and CNS NHL (for which contemporaneous general population rates largely reflect HIV-related cases), expected rates were based on data collected by the Surveillance, Epidemiology, and End Results (SEER) cancer registries before the AIDS epidemic (1973) (1974) (1975) (1976) (1977) (1978) (1979) . 15 To calculate SIRs, all cancers were counted (not just first cancers), including multiple cancers of the same type.
In preliminary analyses, we observed that the SIR for our miscellaneous cancers category was significantly elevated. We therefore reviewed this miscellaneous category and pulled out additional cancer types with at least 10 cases for separate assessment (cancers of the extrahepatic bile duct, nasal cavity, accessory sinuses, scrotum, conjunctiva, and thymus, Merkel cell carcinoma, appendageal carcinoma of the skin, sarcomas of the skin, polycythemia vera, essential thrombocythemia, and myelodysplastic syndrome). These cancers are no longer included in the miscellaneous category but are instead included separately in the tables.
To assess the association of cancer risk with advancing immunosuppression, we calculated SIRs separately for person-time with AIDS and without AIDS (i.e., HIV-only). The AIDS onset month was considered the end of the HIV-only period, so that some ADCs were counted as occurring in people with HIV-only. We compared SIRs for the HIV-only and AIDS periods using Poisson regression. These models yielded SIR ratios adjusted for sex/ HIV-risk group (men-who-have-sex-with-men [MSM], other male, female), attained age (<30, 30-39, 40-49, 50-59, 60+ years), race/ethnicity (non-Hispanic white, non-Hispanic black, Hispanic/Latino), calendar year (modeled as one continuous variable, except for KS, DLBCL and CNS NHL which were modeled as separate segments as informed by Joinpoint analysis, see below), registry, and early vs. late attained follow-up duration (<10 vs. 10+ years after the later of HIV report or AIDS diagnosis).
We considered calendar trends in cancer risk to reflect increasing use of ART at the population level. To screen for time trends, we first calculated SIRs for four calendar periods (1996-1999, 2000-2004, 2005-2008, 2009-2012) and tested for a trend in SIRs across the periods using unadjusted Poisson models. For selected cancers for which the SIR was elevated overall and the trend across periods was significant, we further evaluated trends across individual calendar years. We first used Joinpoint (version 4.3.1, National Cancer Institute) to identify significant changes in SIR trends over calendar time, allowing up to four calendar segments. Incorporating the interval parameterization identified in Joinpoint, we then used Poisson regression to characterize calendar trends adjusted for sex/HIV-risk group, attained age, race/ethnicity, registry, and attained follow-up duration.
If individuals move out of cancer registry areas (i.e., out-migration), SIRs will be underestimated, especially with extended time after HIV registration. In a sensitivity analysis to address this possible bias, we recalculated SIRs after decreasing the expected cancer counts by 27% for the late follow-up period defined above (see Appendix Methods [p 1]). Participating registries provided data for varying calendar intervals, which might affect overall calendar trends, so in another sensitivity analysis we recalculated the trends excluding one registry at a time.
All statistical analyses, except the Joinpoint analysis, were performed using SAS (version 9.3, SAS Institute, Cary, NC). We present 95% confidence intervals (95%CIs), but because we made multiple comparisons, we used a conservative two-sided p-value of 0·001 to determine significance.
Role of the Funding Source
The National Cancer Institute reviewed and approved final submission but had no role in study design, data collection, data analysis, data interpretation, or writing of the report. The corresponding author had full access to all the aggregate data in the study and had final responsibility for the decision to submit for publication.
Results
A total of 448,258 HIV-infected people contributed 3,090,033 person-years of follow-up (Table 1) . Seventy-one percent of the person-time was contributed by males, 38% by subjects aged 40-49 years old, 47% by non-Hispanic blacks, 33% by MSM, 64% by subjects after an AIDS diagnosis, and 85% by subjects followed within 10 years of HIV report/AIDS diagnosis. Across calendar periods during 1996-2012, the contribution by females and older age groups increased, while the contribution from non-Hispanic whites and injection drug users decreased. The proportion of follow-up time 10+ years after HIV report/AIDS diagnosis increased from 0·4% (1996-1999) to 24·3% (2009-2012).
There were 21,294 incident cancers diagnosed during 1996-2012 (incidence: 689 per 100,000 person-years), of which 6,384 (30·0%) were ADCs, 14,344 (67·4%) were NADCs, and 566 (2·6%) were poorly specified ( Table 2 ). Among NADCs, 4,144 (28·9%) were VRNADCs and 10,200 (71·1%) were VUNADCs. Overall, cancer risk was 69% higher among HIV-infected people than in the general population (SIR 1·69; 95%CI: 1·67-1·72). Risk was elevated for ADCs (SIR 14·0; 95%CI: 13·6-14·3), as well for NADCs (1·21; 1·19-1·23), driven by the elevation for VRNADCs (5·39; 5·23-5·55); risk for VUNADCs was actually slightly decreased (0·92; 0·90-0·94).
The most common individual cancer types were AIDS-defining NHLs (3,687; 17·3%), lung cancer (2,475; 11·6%), KS (2,269; 10·7%), anal cancer (1,568; 7·4%), prostate cancer (1,522; 7·1%), liver cancer (1,104; 5·2%), and Hodgkin lymphoma (875; 4·1%; Table 2 ). Risk was significantly elevated for almost all virus-related cancers: KS (SIR 498; 95%CI: 478-519), AIDS-defining NHLs (11·5; 11·1-11·9), cancers of the cervix (3·24; 2·94-3·56), HPV-related oral cavity/pharynx (1·64; 1·46-1·84), anus (19·1; 18·1-20·0), liver (3·21; 3·02-3·41), vagina (3·55; 2·30-5·24), vulva (9·35; 7·91-11·0), and penis (5·33; 4·39-6·40), and Hodgkin lymphoma (7·70; 7·20-8·23); the exception was Merkel cell carcinoma (SIR 2·58; 1·24-4·74, p=0·0133). Risk was significantly elevated for each AIDS-defining NHL subtype: DLBCL (SIR 10·3; 9·89-10·7), Burkitt lymphoma (20·2; 18·4-22·2), unspecified NHL (12·4; 11·7-13·2), and CNS NHL (153; 140-167). Risks were also significantly elevated for cancers of the (non-HPV) oral cavity/pharynx (SIR 2·20; 1·98-2·45), nasal cavity (2·66; 1·72-3·93), larynx (2·11; 1·89-2·34), lung (1·97; 1·89-2·05), scrotum (6·84; 4·18-10·6), and conjunctiva (5·56; 3·44-8·50), as well as non-AIDS-defining NHLs (1·32; 1·20-1·44), polycythemia vera (2·26; 1·79-2·81), myelodysplastic syndrome (2·04; 1·66-2·47), and miscellaneous cancers (1·77; 1·63-1·92). In contrast, risks were significantly decreased for cancers of the stomach (SIR 0·74; 95%CI: 0·64-0·86), colon (0·61; 0·56-0·67), rectum/rectosigmoid junction (0·69; 0·61-0·77), female breast (0·63; 0·58-0·68), uterus (0·43; 0·34-0·53), prostate (0·48; 0·46-0·51), kidney/renal pelvis (0·74; 0·66-0·82), brain (0·57; 0·45-0·70), and thyroid (0·50; 0·42-0·58). Correcting SIRs for potential outmigration did not affect the estimates appreciably (Appendix Table 2 
[p 4]).
Compared with people with HIV-only, people with AIDS had significantly higher SIRs for ADCs, VRNADCs, and VUNADCs considered as grouped outcomes (Table 3) . This pattern was also present for each individual ADC and VRNADC, except liver and vaginal cancers, and Merkel cell carcinoma. Risks were also higher for people with AIDS than those with HIV-only for the following VUNADCs: cancers of the (non-HPV) oral cavity/pharynx, esophagus, and lung, non-AIDS-defining NHLs, myeloid and monocytic leukemias, and myelodysplastic syndrome.
SIRs did not increase across calendar periods for any cancer (Appendix Table 3 [pp [5] [6] ). Moreover, SIRs decreased significantly for many cancer types, including some for which risk was elevated overall (grouped ADCs, KS, each AIDS-defining NHL, grouped VRNADCs, anus, liver, lung, non-AIDS-defining NHLs, and miscellaneous), grouped VUNADCs and myeloma; borderline decreasing trends were also observed for cervical cancer and Hodgkin lymphoma. Despite these decreases, SIRs remained elevated, with 95%CIs excluding 1·00, for several cancer types in the most recent period (2009-2012, Appendix Table 3 [pp 5-6]).
For most cancers selected for detailed calendar trend analysis, SIRs appeared to decrease steadily over time (Figure 1 ). For KS, DLBCL, and CNS NHL, moderating changes in slope were identified, i.e., steep early declines became attenuated after 1998, 2001, and 1999, respectively. For anal cancer, liver cancer, and Hodgkin lymphoma, there was a suggestive increase in the earliest years, but Joinpoint analysis identified only a single decreasing trend for these cancers across all of 1996-2012. After multivariable adjustment, SIR trends significantly declined for KS, DLBCL, CNS NHL, and cancers of the anus, liver, and lung. Trends were not significant for Burkitt lymphoma, cervical cancer, or Hodgkin lymphoma. Exclusion of one registry at a time did not change the trends appreciably (not shown).
Discussion
During 1996-2012, HIV-infected people in the US, including those who had not yet developed AIDS, had elevated risk for many cancer types, especially those of viral cause. There was a decline in risk during this period for several virus-related cancers and lung cancer, presumably resulting, at least in part, from improving efficacy, earlier use, and wider access to ART over time. 12, 13 Although risk remained elevated for several cancers even in the most recent years, reassuringly we did not observe increasing trends in relative risk for any cancer. The elevated risk for many cancers, especially after AIDS onset, highlights the continuing contribution of immunosuppression to cancer risk in this population.
A decline in risk for ADCs, especially KS and NHL, has been well-established in the ART era in the US and other developed countries. 3, 5, 6, 8, [10] [11] [12] Decreasing trends for KS, and NHL (mainly DLBCL and CNS NHL) have been steep, 3,5,6,8,10-12,15-17 but we observe here that they have moderated in more recent years. The trend for Burkitt lymphoma has been less clear, [15] [16] [17] and in the present study, after accounting for demographic changes, the decline during 1996-2012 was not significant (Figure 1) . Furthermore, our finding that the difference in risk between people with HIV-only and AIDS was much smaller for Burkitt lymphoma than for KS and other AIDS-defining NHLs confirms a previous analysis from the HACM Study. 17 These observations for Burkitt lymphoma, along with evidence that EBV is less frequently detected in AIDS-related Burkitt lymphoma tumor cells than in other NHL subtypes, 16 point to a somewhat complex etiologic relationship with immunosuppression. 18 Some recent data suggest that cervical cancer risk among HIV-infected women may also be decreasing. 3, 8, 10 After multivariable adjustment, we did not find a significant trend, although SIRs decreased over time (Figure 1 ). We also found that cervical cancer risk was most highly elevated among women with a prior AIDS diagnosis, consistent with an etiologic role for long-term immunosuppression. An AIDS diagnosis could also be a marker for lack of appropriate medical care and inadequate cervical cancer screening. 19 The elevated risks for VRNADCs, particularly after an AIDS diagnosis, highlight the biological relevance of immunosuppression for these cancers as well. In previous studies, 1-3,5-7,9,10,12,20-22 risk for each VRNADC was also found to be elevated, and risk for Hodgkin lymphoma and some HPV-related cancers was found to increase in relation to AIDS onset. Consistent with some recent studies we observed decreasing trends in risk relative to the general population for anal and liver cancers, 9,12 but other recent studies observed null or increasing trends. [5] [6] [7] 9, 10, 12 These discrepancies among studies may partly be explained by differences in the included calendar years, as our plots suggest an increasing trend for these cancers in the earliest years, followed by a more recent decline.
Risks were also elevated compared with the general population for lung cancer and several other VUNADCs. Among HIV-infected people in our study, lung cancer was second only to AIDS-defining NHLs in incidence. The elevated risk of lung cancer has been previously documented, and is partly, though not entirely, explained by a high prevalence of smoking among HIV-infected people. [1] [2] [3] [4] 23 The more pronounced risk for lung cancer among people with AIDS and the decline in SIRs over time (which is consistent with other studies 5,9,10 and tracks with widened access to effective ART) both support a contribution from immunosuppression. 23 HIV-related chronic pulmonary inflammation, abnormal immune activation, and repeated lung infections may also play a role. 20, 23, 24 Smoking likely contributes to the elevated risk we observed for cancers of the oral cavity/pharynx, nasal cavity, and larynx. 25 We also found increased risks for scrotal cancer, conjunctival cancer, polycythemia vera, and myelodysplastic syndrome. It is possible that scrotal cancer, like other anogenital cancers, could be caused by HPV, as suggested by reported detection of this virus in some tumors. 26 An elevated risk of conjunctival cancer has been observed previously, especially among HIV-infected people in Africa, although an infectious agent has not been clearly identified. 27, 28 Risks for polycythemia vera and myelodysplastic syndrome are increased among immunosuppressed transplant recipients, 29 although they do not have known viral causes.
We did not observe elevated risk for most VUNADCs, consistent with prior studies in the ART era. 1-3,5,6,10,12,22 Indeed, risk was actually decreased compared with the general population for some VUNADCs. These deficits confirmed prior observations for breast and prostate cancers, and identified new deficits for other cancers with previously inconclusive results (e.g., uterine and colorectal cancers) or modest elevations (e.g., stomach and kidney/ renal pelvis cancers). [1] [2] [3] 5, 6, 10, 12, 22 We considered that the deficits might reflect underascertainment of cancers, specifically due to out-migration (see Methods). However, these deficits persisted after we allowed for 27% out-migration 10+ years after HIV report/AIDS diagnosis, even though out-migration to such an extent seems unlikely. The deficits may have biological explanations (e.g., hormonal and/or metabolic abnormalities), 1 which could be evaluated in future studies.
Limitations of our study include the lack of individual-level data on ART use and HIV disease markers (i.e., CD4 count and HIV viral load). Instead, we used calendar year as a population-level measure of ART use (with more recent calendar years associated with more effective ART, wider use, and earlier initiation), and AIDS onset as an indicator of ever having had advanced immune suppression. Changes in the prevalence of oncogenic viral infections and other cancer risk factors (e.g., smoking and alcohol use) over time may have potentially influenced our results, but the lack of data on these factors precluded us from evaluating them as confounders for the patterns we observed. Finally, we assessed a large number of cancers, so some findings could be due to chance. However, we used a stringent threshold (p<0·001) to identify cancers for which risk differed significantly from the general population, and to test differences in risk by AIDS status and over time.
A major strength of our study was its population-based design. The study covered eight states and Puerto Rico across a 17-year calendar period during the ART era. The study population comprised all people with known HIV infection living in these areas, including all HIV-risk groups and ages. The approximate similarity between the distribution of the demographic characteristics of our population and the US HIV population 14 favors the representativeness of our sample and the generalizability of our results. Moreover, cancers were ascertained using linked cancer registry data, which have greater validity than other data sources. 22 HACM is the largest study of cancer in HIV-infected people, which enabled the examination of a breadth of individual cancers, including NHL subtypes and rare cancers. Furthermore, since aging and other changes in the demographic characteristics of the HIV population could influence time trends in the SIRs, we adjusted the calendar trends using multivariable regression. Finally, in a sensitivity analysis, we observed similar trends when excluding one registry area at a time, which suggested that the observed overall trends were not disproportionally affected by one registry or the varying calendar intervals by registry.
Additional efforts aimed at cancer prevention and screening in HIV-infected people are warranted. Although SIRs did not increase for any cancer, and have declined over time for several cancers, SIRs were still elevated in HIV-infected people in recent years. 3, [8] [9] [10] 12 Because the HIV population is aging and growing in size, 3,14 the burden of cancer may increase even in the absence of increasing incidence rates. 11 Early diagnosis of HIVinfection, prompt and sustained ART after diagnosis, and reduction of non-HIV cancer risk factors are crucial for cancer prevention. 2, 4, 30 With further improvement of ART and expansion of ART use, reductions in the risk of KS, AIDS-defining NHLs, and potentially other cancers can be expected. Since current ART does not completely restore immunologic health, 2 close monitoring of cancer risk factors and evaluation of symptoms possibly related to cancer is needed, even in virally suppressed patients. Efforts should aim to optimize smoking and alcohol cessation, and treatment of HCV and HBV infections. 30 Screening for cervical cancer, and possibly for anal, liver and lung cancers, is appropriate for high risk populations. 30 In conclusion, cancer risk has declined in HIV-infected people in the US, but remains elevated for a characteristic spectrum of cancers, notably for ADCs, many other virusrelated cancers and lung cancer. Sustained and widened access to ART has likely contributed to declines in cancer risk, but improvements are needed to reduce the cancer burden further.
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Research in context
Evidence before this study
We searched PubMed, reviewed personal collections and examined reference lists to identify publications on cancer risk among HIV-infected people, compared to the general population or uninfected groups, that reported risk estimates overall and by AIDS onset, and recent trends covering the effective antiretroviral therapy (ART) era beginning in 1996. Previous evidence indicates that HIV-infected people, especially those with AIDS, have an elevated risk for many cancers, especially those of viral cause. Evidence also indicates that, after the introduction of ART in 1996, incidence declined for two AIDSdefining cancers, Kaposi sarcoma and non-Hodgkin lymphoma. However, trends for other cancers are less clear, and recent and comprehensive population-based data on cancer risk for HIV-infected people are limited.
Added value of this study
The HIV/AIDS Cancer Match (HACM) Study is the largest population-based study of cancer in HIV-infected people in the world. We used HACM Study data to assess cancer risk in a sample of 448,258 HIV-infected people in the United States during 1996-2012. We found that, compared with the general population, HIV-infected people (including those without AIDS) had elevated risk for a broad but characteristic spectrum of cancers, including AIDS-defining cancers, many other viral-related cancers, and lung cancer. While there was a decline over time in the risk for Kaposi sarcoma and non-Hodgkin lymphoma, and some non-AIDS defining cancers (anus, liver, and lung), risk remained quite elevated even in the most recent years.
Implications of all the available evidence
The declines in cancer risk likely reflect sustained and widened ART utilization. Despite these declines, cancer risk in HIV-infected people has remained elevated during the modern treatment era, indicating that continued cancer control efforts are warranted. Table 3 Standardized incidence ratios for cancer in HIV-infected people by AIDS status 
